Abnormal activation of B lymphocytes is a feature commonly seen in human immunodeficiency virus type 1 (HIV-1)-infected persons. However, the mechanism(s) responsible for this dysfunction is still poorly understood. Having recently shown that CD40L, the ligand for CD40, is inserted within emerging HIV-1 particles, we hypothesized that the contact between virus-anchored host CD40L and CD40 on the surface of B lymphocytes might result in the activation of this cell type. We report here that CD40L-bearing viruses, but not isogenic virions lacking host-derived CD40L, can induce immunoglobulin G and interleukin-6 production. Furthermore, such viral entities were found to induce B-cell homotypic adhesion. These effects were paralleled at the intracellular level by the nuclear translocation of the ubiquitous transcription factor NF-B. The presence of host-derived CD40L within virions resulted in an increased virus attachment to B cells and a more-efficient B-cell-mediated transfer of HIV-1 to autologous CD4 ؉ T lymphocytes. All the above processes were independent of the virus-encoded envelope glycoproteins. Altogether, the data gathered from this series of investigations suggest that the incorporation of host-encoded CD40L in HIV-1 is likely to play a role in the B-cell abnormalities that are seen in infected individuals.
Over the past few years, studies of a rare immunodeficiency disease named X-linked hyper-immunoglubulin (Ig) syndrome revealed the importance of interactions between CD40L and CD40 in the normal immune response (reviewed in reference 37). The CD40L molecule is a type II membrane glycoprotein belonging to the tumor necrosis factor (TNF) superfamily that is expressed mainly in activated CD4 ϩ T lymphocytes (4) . It binds to and trimerizes CD40 (69) , a type I membrane glycoprotein of the TNF receptor superfamily which is expressed on B lymphocytes from diverse sources, such as tonsils (5) . The degree of multimerization of CD40 regulates the strength of the intracellular signal transduction events (29, 56, 70) , resulting, notably, in the activation and differentiation of B cells (24) . This activation leads to homotypic aggregation of these cells and the secretion of a number of cytokines, including interleukin-6 (IL-6), IL-10, IL-12, and TNF-␣ (reviewed in reference 9). The differentiation of B lymphocytes into Ig-secreting plasma cells is actually the final step of the isotype switching process (27) . In the case of IgG, their synthesis normally occurs following the stimulation of CD40 and the IL-4 receptor, leading to NF-B-and signal transducer and activator of transcription 6 (STAT-6)-dependent transcription of germ line genes and subsequent DNA recombination to C␥ genes (2, 62) .
Although B lymphocytes are not considered to be a cellular reservoir for human immunodeficiency virus type 1 (HIV-1), this cell type is afflicted by a wide spectrum of abnormalities in the setting of HIV-1 infection. For example, it has been reported that B cells display a hyperactivation state in the presence of active viral replication which translates into hypergammaglobulinemia in vivo (reviewed in reference 58) and the spontaneous secretion, especially of the IgG subclass, of Ig in culture (33, 38, 46, 48) . Other B-cell dysfunctions include an increased expression of cell surface activation markers (41) , the appearance of B-cell subpopulations characteristic of cellular activation and terminal differentiation (19, 50) , augmented B-cell turnover (18) , and an increased incidence of B-cell malignancies (45) . With respect to the appearance of hypergammaglobulinemia, this disorder is characterized by the production of low-affinity antibodies and antibodies directed against various self-antigens (19) , which are both believed to be due to ongoing viral replication (63) . Indeed, viremia has been found to be associated with abnormal levels of IgG in sera of HIV-1-infected patients (50, 51) . In addition, in many patients, hypergammaglobulinemia appears as early as a few months following the primary infection (21, 52) . Interestingly, this disorder is seen even before the appearance of quantitative and functional defects in CD4 ϩ T cells (47, 66) . Given that HIV-1 pathogenesis is associated with the appearance of numerous B-cell defects and considering that we recently demonstrated that CD40L constitutes one of the host cell-derived proteins incorporated into emerging HIV-1 particles (44), we tested the possibility that interactions between virus-associated host CD40L and CD40 on the surface of B lymphocytes might result in cellular activation. The activation status of B cells was assessed by monitoring NF-B nuclear translocation, cytokine production, the secretion of IgG, and the induction of cell-to-cell adhesion. Moreover, because B lymphocytes continually percolate through peripheral lym-phoid tissues, where they establish an intimate contact with activated CD4
ϩ T lymphocytes, we also assessed whether the presence of host-derived CD40L within mature HIV-1 particles could result in a more-efficient B-cell-dependent spreading of the virus to CD4 ϩ T cells. (This work was performed by G. Martin in partial fulfillment of a Ph.D. degree from the Microbiology-Immunology Program, Faculty of Medicine, Laval University, Quebec, Canada.)
MATERIALS AND METHODS

Cells.
Human tonsils removed during routine tonsillectomies were received within a few hours of excision. The tonsillar tissue was mechanically disrupted in cold RPMI 1640 medium supplemented with 10% fetal calf serum (FCS), 2 mM L-glutamine, 100 U/ml penicillin G, 100 g/ml streptomycin, and 50 M 2-mercaptoethanol [RPMI 1640-10% FCS-2ME]. The resulting cellular suspension was filtered through a 30-m mesh nylon filter and subjected to a Ficoll-Hypaque gradient for the isolation of mononuclear cells. Thereafter, autologous B cells and CD4
ϩ T lymphocytes were negatively separated as described previously (57) . B lymphocytes were purified using EasySep human B-cell enrichment cocktail (StemCell Technologies), resulting in a B-cell population almost free of CD4 ϩ T lymphocytes, as assessed by flow cytometry (i.e., Ͻ1% CD4 ϩ T cells), whereas CD4 ϩ T lymphocytes were isolated with the EasySep human CD4 ϩ T-cell enrichment cocktail (StemCell Technologies). Before the initiation of virus transmission assays, B and T lymphocytes were maintained separately in RPMI 1640-10% FCS-2ME medium. Human embryonic kidney 293T cells were cultured in complete Dulbecco's modified Eagle's medium (DMEM) (i.e., DMEM supplemented with 10% fetal bovine serum, 2 mM L-glutamine, 100 U/ml penicillin G, and 100 g/ml streptomycin).
Plasmids and antibodies. pNL4-3 is a full-length infectious molecular clone of HIV-1 (X4-tropic) (1) that was obtained through the AIDS Repository Reagent Program (Germantown, MD). pNL4-3balenv was created by replacing the env gene of NL4-3 with that of the R5-tropic strain Bal (kindly provided by R. J. Pomerantz, Thomas Jefferson University) (20) . The envelope (Env)-deficient plasmid pNL4-3 EnvϪ was a generous gift of D. E. Ott (National Cancer Institute) (53) . The vector coding for human CD40L (i.e., pcDNA3.1-CD40L) was provided by R. Kornbluth (University of California San Diego) (36) . The anti-CD40 hybridoma G28.5 (IgG1) (15) and the anti-CD40L hybridoma 5c8 (IgG2a) (39) were generously provided by W. Mourad (Université de Montréal). The antibody against the NF-B p50 subunit was purchased from Santa Cruz, while the antibody specific for the anti-NF-B p65 subunit was kindly given by N. Rice (National Cancer Institute-Frederick Cancer Research and Development Center) (60) . Antibodies from these hybridomas were purified with a HiTrap protein G affinity column by following the manufacturer's instructions (Amersham Biosciences AB). For purposes of the virus capture assay, biotinylation of the tested antibodies was performed using EZ-link Sulfo-NHS-LC-biotin (Pierce).
Virus production and capture assay. Progeny viruses were produced by calcium phosphate transfection of 293T cells as previously described (23) . It should be noted that 293T cells do not constitutively express CD40L (data not shown). Briefly, 293T cells were cotransfected with a plasmid coding for the human CD40L molecule (i.e., pcDNA3.1-CD40L) and one of the following molecular clones of HIV-1: a plasmid coding for wild-type NL4-3 particles (i.e., pNL4-3) (virus stock called NL4-3/CD40L), a vector coding for R5-tropic Bal Env glycoproteins inserted within the NL4-3 backbone (i.e., pNL4-3balenv/CD40L) (virus stock called NL4-3balenv/CD40L), or a plasmid coding for Env-deficient NL4-3 viruses (i.e., pNL4-3 EnvϪ) (virus stock called NL4-3 EnvϪ/CD40L). Viruses lacking host CD40L were made by transfection of 293T cells with only one of the listed NL4-3 constructs: wild-type NL4-3 (virus stock called NL4-3/null) and NL4-3balenv (virus stock called NL4-3balenv/null). Controls consisted of 293T cells transfected with pcDNA3.1-CD40L alone (called Mock/CD40L). Supernatants from such transfected 293T cells were filtered through a 0.45-m cellulose acetate membrane (Millipore Corporation). To eliminate free p24, each supernatant was ultrafiltrated in CentriconPlus-20 Biomax-100 filter devices (Millipore Corporation). An enzyme-linked immunosorbent assay (ELISA) developed in our laboratory was used to estimate the amount of p24 in all virus stocks (12) . For all virus stocks, the presence or absence of the CD40L molecule was confirmed by performing our virus capture assay using an initial virus input of 1 ng of p24 as we described previously (44) .
IgG production assay. Purified B lymphocytes (1 ϫ 10 6 ) were cultured in 1 ml of RPMI 1640-10% FCS-2ME containing 400 U/ml of human recombinant IL-4 (R&D Systems) (25) and 50 ng/ml of human recombinant IL-10 (PeproTech Inc.) (14, 16) . Thereafter, such B cells were incubated at 37°C either with medium alone, Mock/CD40L preparation (always added in the same volume as the less-concentrated viral stock), anti-CD40 (clone G28.5) (1 g/ml), or one of the studied virus stocks (standardized in terms of p24 contents/200 ng of p24). In some conditions, wedelolactone (BIOMOL International LP), an inhibitor of the IB kinase complex, was added at 10 M along with the virus stock. Supernatants were harvested at 5 and 12 days following initiation of the culture, frozen, and kept at Ϫ20°C until assayed for their IgG content by ELISA (Bethyl Inc.).
Cellular adhesion and cytokine production. Purified B lymphocytes (1 ϫ 10 6 ) were cultured using conditions similar to those for IgG production, either with medium alone, Mock/CD40L, anti-CD40 (clone G28.5) (1 g/ml) , or one of the tested virus preparations (200 ng of p24). Photographs of cultures were taken after 72 h, and supernatants were harvested and then frozen and kept at Ϫ20°C until assayed for their cytokine content. The simultaneous evaluation of multiple cytokines/chemokines was achieved through the use of the Luminex 100 instrument and the Beadlyte human multicytokine detection system 4 (Upstate), which is a multiplex assay kit used for measuring 12 different cytokines (i.e., IL-1␤, IL-2, IL-4, IL-5, IL-6, IL-10, IL-12, IL-13, TNF-␣, gamma interferon, MCP-1, and RANTES). Quantitative measurement of IL-6 was also carried out with a regular ELISA test (eBioscience).
Preparation of nuclear extracts and EMSA. Purified B lymphocytes were incubated in RPMI 1640-10% FCS-2ME for 30 or 60 min at 37°C either with medium alone, Mock/CD40L, phorbol myristate acetate (20 ng/ml) and ionomycin (1 M) (both from Sigma), or some of the studied virus stocks (i.e., NL4-3/ null or NL4-3/CD40L at a final concentration of 10 or 30 ng of p24 per 1 ϫ 10 5 B cells). The treatment of the B cells was terminated by the addition of cold phosphate-buffered saline (PBS), and nuclear extracts were prepared as previously described (64) . Electrophoretic mobility shift assays (EMSAs) were performed by incubating 10 g of nuclear proteins in 20 l of binding buffer (10 mM HEPES [pH 7.9], 4% glycerol, 1% Ficoll, 25 mM KCl, 1 mM dithiothreitol, 0.5 mM EDTA, 25 mM NaCl) containing 2 g of poly(dI-dC), 10 g of nuclease-free bovine serum albumin fraction V, and 0.8 ng of a ␥-32 P-labeled double-stranded DNA oligonucleotide for 20 min at room temperature. The following doublestranded DNA oligonucleotides were used as probes and/or competitors: the consensus NF-B binding site (5Ј-ATGTGAGGGGACTTTCCCAGGC-3Ј), the consensus SP1 binding site (5Ј-ATTCGATCGGGGCGGGGCGAG-3Ј), and the consensus binding site for Oct-2A (5Ј-GGAGTATCCAGCTCCGTAGCAT GCAAATCCTCTGG-3Ј) (for nonspecific competition). Cold competition assays were carried out by adding a 100-fold molar excess of an unlabeled doublestranded DNA oligonucleotide simultaneously with the labeled probe. Supershift assays were performed by preincubating nuclear extracts with 1 g of an antibody against NF-B p50 or NF-B p65 for 30 min on ice prior to the addition of the binding buffer containing the labeled probe. DNA-protein complexes were resolved from unbound labeled DNA by electrophoresis in native 4% (wt/vol) polyacrylamide gels. Then, the gels were dried, exposed, and autoradiographed.
Virus binding assay. Purified B lymphocytes (3.5 ϫ 10 6 ) were incubated at 37°C for 1 h in 1 ml of RPMI 1640-10% FCS-2ME containing NL4-3/null, NL4-3/CD40L, NL4-3balenv/null, or NL4-3balenv/CD40L (350 ng of p24). In some cases, cells were also incubated with NL4-3/CD40L or NL4-3balenv/ CD40L in combination with 10 g/ml of a trimeric and soluble form of CD40L (sCD40L) (CEDARLANE Laboratories Ltd). The cells were extensively washed with PBS and resuspended in 350 l of a lysis buffer (PBS-0.05% Tween-2.5% Triton X-100 -2.5% trypan blue). The p24 content was determined by ELISA.
Virus entry assay. Purified B lymphocytes (3.5 ϫ 10 6 ) were incubated at 37°C for 1 h in 1 ml of RPMI 1640-10% FCS-2ME containing NL4-3/null or NL4-3/ CD40L (350 ng of p24). Next, the cells were washed with PBS and exposed to trypsin for 5 min to remove uninternalized viruses. Next, RPMI 1640-10% FCS-2ME was added, and then cells were washed in PBS and resuspended in 350 l of a lysis buffer (PBS-0.05% Tween-2.5% Triton X-100-2.5% trypan blue). The amount of internalized viruses was estimated by measuring the p24 content.
Virus transmission assay. Purified B lymphocytes (1.5 ϫ 10 5 ) were initially pulsed with NL4-3/null, NL4-3/CD40L, NL4-3balenv/null, or NL4-3balenv/ CD40L (10 ng of p24) for 1 h at 37°C in 100 l of RPMI 1640-10% FCS-2ME. In some experiments, cells were also incubated with NL4-3/CD40L or NL4-3balenv/CD40L used in combination with 10 g/ml of sCD40L (CEDARLANE Laboratories Ltd). Next, the cells were extensively washed with PBS and then cocultured with phytohemagglutinin (PHA)/IL-2-stimulated autologous CD4 ϩ T lymphocytes (1 ϫ 10 5 ). Supernatants were harvested at days 4, 6, and 8 postinfection to quantify the p24 content. 
RESULTS
Incorporation of host-derived CD40L in HIV-1 is independent of Env glycoproteins.
Although it is clear that CD40L is acquired by R5-and X4-tropic variants of HIV-1 once expanded in natural cellular reservoirs such as peripheral blood mononuclear cells and human lymphoid tissue cultured ex vivo (44) , there is no information regarding the molecular mechanism responsible for the insertion of this cell surface molecule within viruses or on the potential role of this host-derived protein in HIV-1 biology. It was previously reported that the incorporation of host HLA-DR glycoproteins within HIV-1 is independent of virus-encoded Env glycoproteins (43) . Therefore, we initially investigated whether the acquisition of CD40L by emerging virions was independent of Env as well. To this end, virions were produced using a transient transfection and expression system based on cotransfection of 293T cells with an expression vector coding for human CD40L and an infectious molecular clone of HIV-1 (i.e., wild-type NL4-3 or Env-deficient NL4-3). The physical presence of host-derived CD40L within mature HIV-1 particles was assessed by a virus capture assay using beads coated with anti-CD40L antibodies. It should be noted that 293T cells were transfected with an amount of the CD40L expression vector resulting in a surface expression level of CD40L comparable to what is seen in primary human CD4 ϩ T lymphocytes following stimulation through the T-cell receptor and CD28 costimulatory molecule (data not shown). Data from the capture test performed on virus preparations indicate that CD40L is efficiently acquired by HIV-1 and that this process is independent of viral Env glycoproteins (Fig. 1) . The estimated recovery rates for CD40L-bearing virions either bearing or lacking Env glycoproteins varied between 14 and 18%. Similar observations were made when using virus stocks obtained from two independent transfection protocols (data not shown).
Virus-anchored host CD40L promotes IgG production. We next studied the putative biological function(s) of such virusassociated CD40L molecules. Since the majority of antibodies detected in HIV-1-associated B-cell abnormalities are IgG, we studied the modulatory effect of virus-anchored host CD40L on the production of this class of Ig by B cells purified from human tonsils. We found that incubation of purified B lymphocytes from three different donors with CD40L-bearing NL4-3 particles resulted in a statistically significant induction of IgG synthesis, a phenomenon that was not seen when using isogenic virions devoid of CD40L (Fig. 2A) . Similar findings were made when using R5-tropic viruses (i.e., NL4-3balenv) (Fig. 2B) . It is important to emphasize that the levels of IgG mediated by CD40L-bearing virions were sometimes higher than the values obtained with a monoclonal anti-CD40 antibody (i.e., G28.5) which was used as a positive control. The production of IgG by NL4-3/CD40L and NL4-3balenv/CD40L was completely abolished upon the treatment of B cells with wedelolactone, an inhibitor of the IB kinase complex (data not shown). This suggests that the virus-mediated induction of IgG synthesis was relying on NF-B activation (see below). Experiments performed with Env-deficient viruses bearing host-derived CD40L confirmed that Env glycoproteins are not required to permit the acquisition of this cell membrane constituent by HIV-1 (Fig. 2C) . They also demonstrated that CD40L is still functional on virions devoid of Env.
CD40L-bearing virions trigger IL-6 secretion and homotypic cell-to-cell adhesion. The proinflammatory cytokines IL-6 and TNF-␣ are known to be produced by B cells isolated from HIV-1-infected persons (32) . Thus, we evaluated the secretion of several soluble factors following the exposure of B lymphocytes to viruses either lacking or bearing host-derived CD40L. We used the Luminex 100 technology to screen for the production of 12 different cytokines/chemokines, including those mentioned above, in cell-free supernatants from B cells incubated with isogenic NL4-3-based particles. High levels of IL-4 and IL-10 were detected in the tested samples, and no increase in the production of these two cytokines could be observed following treatment with the tested virus preparations (i.e., NL4-3/null, NL4-3/CD40L, NL4-3balenv/null, and NL4-3balenv/CD40L) or anti-CD40 antibody (Fig. 3A) . Although a basal level of IL-6 was measured in B cells exposed to supernatants from 293T cells transiently transfected with the CD40L expression vector (i.e., Mock/CD40L), a weak but statistically significant increase in IL-6 production was detected with CD40L-bearing virions (both NL4-3/CD40L and NL4-3balenv/CD40L) but not with isogenic viruses lacking hostderived CD40L (i.e., NL4-3/null and NL4-3balenv/null). The higher secretion of IL-6 upon exposure to CD40L-bearing NL4-3 particles was confirmed when a commercial human IL-6 ELISA kit was used (Fig. 3B) . A comparable virus-mediated induction of IL-6 production was seen when using CD40L-bearing NL4-3balenv (data not shown). Env-deficient viruses that bear host-derived CD40L were also effective at mediating the production of IL-6 from purified B cells (Fig. 3C) . Again, the monoclonal anti-CD40 antibody G28.5 was used as a positive control in this series of investigations.
The activation of B lymphocytes can also be monitored by assessing homotypic aggegation (6, 26, 31) . Microphotographs of purified B cells that were exposed to progeny virus either lacking or bearing host CD40L were taken. Large cell clusters were found only in B cells incubated with CD40L- bearing R5 virions and not with viruses devoid of host-derived CD40L (Fig. 4A ). Comparable findings were obtained when B cells were exposed to CD40L-bearing X4 viruses as well as to Env-deficient particles that carry host CD40L on their surface (Fig. 4B) . CD40L-bearing viruses drive nuclear translocation of NF-B p50 homodimer and p50/p65 heterodimer. In the experiments described below, we attempted to characterize the intracellular events occurring after CD40 ligation on B lymphocytes by virus-associated CD40L. To this end, we performed mobility shift assays and found that NL4-3 particles bearing host-derived CD40L, but not viruses lacking CD40L, induced the nuclear translocation of NF-B in B lymphocytes (Fig. 5A) . As expected, a basal level of nuclear NF-B was FIG. 2. CD40L-bearing virions, but not viruses lacking host CD40L, induce IgG production. B lymphocytes purified from human tonsils were treated with IL-4 and IL-10 and incubated at 37°C either in medium alone or with G28.5 (used as a positive control) or one of the following: (A) Mock/CD40L, NL4-3/null, or NL4-3/CD40L, (B) Mock/CD40L, NL4-3balenv/null, or NL4-3balenv/CD40L, or (C) NL4-3/CD40L or NL4-3 EnvϪ/CD40L. After 5 (filled bars) and 12 (empty bars) days in culture, supernatants were harvested and the IgG content was measured using a commercial ELISA. In panels A and B, the data shown represent the means Ϯ standard deviations of triplicate samples for three independent experiments, whereas in panel C, the data shown represent the means Ϯ standard deviations of triplicate samples and are representative of three independent experiments. The asterisks indicate statistically significant differences (i.e., P Ͻ 0.05) between the following matched pairs: NL4-3/ CD40L versus NL4-3/null (A), NL4-3balenv/CD40L versus NL4-3balenv/null (B), NL4-3/CD40L versus medium alone (C) and NL4-3 EnvϪ/ CD40L versus medium alone (C).
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at Bibliotheque de l'Universite Laval on May 17, 2007 jvi.asm.org found in these cells (7) . Competition with a 100-fold excess of a specific (i.e., cold NF-B) or nonspecific (i.e., cold Oct-2A) oligonucleotide confirmed the specificity of the NF-B binding complex. Moreover, an SP1-labeled probe was used to test the nonspecific binding, and no signal was detected (data not shown). Supershift experiments carried out with specific antibodies revealed that the NF-B binding complex induced by the attachment of CD40L-bearing HIV-1 particles to the surface of purified B lymphocytes was composed of p50/p50 homodimers and p50/p65 heterodimers (Fig. 5B) . Interestingly, a dose-dependent increase in the activation of NF-B was seen when using increasing doses of CD40L-bearing virions (Fig. 5C ).
CD40L enhances HIV-1 binding to B lymphocytes and augments infection of autologous CD4
؉ T cells in trans. Finally, we tested whether the additional CD40L/CD40 interaction could translate into a more-efficient capture and transfer by B cells of HIV-1 to autologous CD4 ϩ T lymphocytes. As illustrated in Fig. 6 , the attachment of CD40L-bearing NL4-3 particles onto B lymphocytes was increased compared to the attachment of isogenic virions devoid of this cell surface constituent and this enhanced virus adsorption was abrogated upon treatment with sCD40L. Moreover, a more-significant HIV-1 transfer was seen when using CD40L-bearing virions than with progeny viruses lacking host-derived CD40L (Fig. 7) . The more-efficient transmission of CD40L-bearing virions was abrogated upon the addition of sCD40L.
Virus entry assays performed with purified B lymphocytes that were first exposed to the tested virus preparations and next treated with trypsin to remove uninternalized virions indicated that virions do not enter such cells and remain on the cell surface (data not shown). In addition, p24 levels measured until 14 days following acute infection of purified B cells with viruses either lacking or bearing host-derived CD40L remained below the detection limit of our p24 test (data not shown). This indicates that virus replication in the B-cell-T-cell cocultures was not a result of direct, cis infection of B cells by HIV-1. Comparable findings were made when transfer studies were carried out with the R5-tropic NL4-3balenv variant, although the levels of HIV-1 p24 were lower than with the X4-tropic NL4-3 strain (data not shown). Taken together, our data indicate that the physical presence of host-derived CD40L on the exterior of virions resulted in a more-efficient trans infection of autologous CD4 ϩ T lymphocytes when using B cells as transmitters. In some studies, the levels of IL-6 were determined with a commercial ELISA test (B and C). In panel A, the data shown represent the means Ϯ standard deviations of triplicate samples for two independent experiments, whereas in panels B and C, the data shown represent the means Ϯ standard deviations of triplicate samples and are representative of three different experiments. The asterisks indicate statistically significant differences (i.e., P Ͻ 0.05) between the following matched pairs: NL4-3/CD40L versus NL4-3/null and NL4-3balenv/CD40L versus NL4-3balenv/null (A), NL4-3/CD40L versus medium alone (B and C), and NL4-3 EnvϪ/CD40L versus medium alone (C).
DISCUSSION
While working on the mechanistic aspects of the process of incorporation of host molecules within emerging HIV-1 particles, we recently provided evidence that HIV-1 acquires HLA-DR independently of Env (43) . Here, we provide evidence that the virus-encoded Env glycoproteins are also not required for the incorporation of host-derived CD40L within HIV-1 particles. Although the exact process by which CD40L is acquired by HIV-1 remains to be more fully elucidated, we demonstrate that CD40L-bearing virions can promote homotypic aggregation of B lymphocytes isolated from human tonsils and induce secretion of IgG and IL-6 from such cells. Interestingly, none of the observed virus-anchored host CD40L-mediated effects was attributable to HIV-1 Env. At the intracellular level, a rapid nuclear translocation of NF-B was detected following the exposure of tonsillar B cells to virions harboring host CD40L. In addition, we show that virus-associated CD40L increases the attachment of viral particles to B lymphocytes and facilitates their eventual transfer to autologous CD4 ϩ T lymphocytes, thus enhancing virus propagation. In the past, a number of studies have highlighted the potential role that such host molecules might have in the pathogenesis of AIDS (reviewed in reference 35). However, this is, to the best of our knowledge, the first study connecting some of the numerous B-cell abnormalities seen in infected patients and a virus-anchored host cell membrane component.
Our results also indicate that CD40L, once embedded within HIV-1, triggers IgG synthesis in primary B lymphocytes. The amounts of IgG we observed varied among donors, which is perfectly in line with the results of a previous study (22) . It can be proposed, based on the current observations and the previously reported presence of host CD40L in clinical isolates of HIV-1 produced in physiologic cell systems (44) , that the hypergammaglobulinemia documented in HIV-1-infected patients might be linked to some extent to the insertion of hostderived CD40L within HIV-1. Interestingly, the hypergammaglobulinemia seen in C57BL/6 mice infected with the murine retrovirus LP-BM5 (also called the murine AIDS model) was alleviated after treatment with anti-CD40L monoclonal antibodies (28) . Moreover, our data indicate that Env-deficient HIV-1 particles that bear CD40L are also efficient at inducing IgG production, an observation that contrasts with the previously reported gp120-mediated IgG production by B lymphocytes (30, 61) . Differences in the experimental methodologies may account for the apparent discrepancy (e.g., purified recombinant gp120 versus fully competent HIV-1 particles).
In addition to the hypergammaglobulinemia syndrome, HIV-1-infected patients display a more-important production of some cytokines, including IL-1, IFN-␥, TNF-␣, IL-2, IL-6, and IL-12, than uninfected individuals (3, 32, 61) . More particularly, an increase in IL-6 secretion at the early stages of infection (8, 13) and its spontaneous production by B lymphocytes from HIV-1-infected individuals (32) were previously described. Thus, the augmentation in IL-6 synthesis that we observed in B lymphocyte cultures exposed to CD40L-bearing HIV-1 particles represents further evidence of the possible link that can be made between virus-anchored host CD40L and the B-cell dysfunction seen in advanced HIV-1 diseases. A previous study performed by Boue and colleagues has demonstrated that HIV-1 alone does not induce IL-6 secretion by B cells isolated from healthy donors (10) . The virus preparations used in that work were produced in chronically infected CEM, an established T-cell line that does not constitutively express CD40L. Thus, the inability of CEM-derived HIV-1 particles to drive IL-6 production in B cells might be due to the absence of CD40L in the viral particle. It is noteworthy that IgG production seems to be dependent on IL-6, since a reduction in IgG occurs after treatment of HIV-1-infected individuals with an anti-IL-6 monoclonal antibody (42) .
The homotypic B-cell adhesion that is seen in the presence (17) . Whether the cellular aggregation we report here depends on the LFA-1/ICAM-1 interaction after the stimulation of human B lymphocytes with the monoclonal antibody G28.5, as described by Barrett and coworkers (6) , is, however, unknown.
The main transcription factor triggered by CD40 is NF-B (54, 55, 67, 72) , which binds to the promoter region of many B-lymphocyte genes, including those involved in the synthesis of IgG (34) and the expression of IL-6 (40, 65) and ICAM-1 (71) . It has been previously reported that CD40L and IL-4 act in a concerted manner to drive the human Ig heavy chain S gamma 3 region through the induction of p50/p65, p50/c-Rel, and p50/p50 NF-B complexes and STAT-6 (62). We found that CD40L-bearing virions can strongly induce NF-B in pu- 6 . HIV-1 attachment to B lymphocytes is increased by interactions between virus-anchored host CD40L and cell surface CD40. B lymphocytes purified from human tonsils were incubated for 1 h at 37°C with NL4-3/null or NL4-3/CD40L virions in either the absence or presence of sCD40L. Next, the virus-cell mixture was extensively washed, lysed, and tested for the p24 content. The data shown represent the means Ϯ standard deviations of triplicate samples and are representative of three independent experiments. The asterisk indicates statistically significant differences (P Ͻ 0.05) between the following matched pairs: NL4-3/CD40L versus NL4-3/null and NL4-3/ CD40L versus NL4-3/CD40LϩsCD40L. rified B lymphocytes. Moreover, the NF-B activation that is seen following contact with CD40L-bearing virions is comparable to the activation resulting from the stimulation of resting tonsillar B cells with an anti-CD40 antibody (7) . Our data also indicate that exposure of B cells to CD40L-bearing HIV-1 particles leads to the formation of complexes that include p50/p50 homodimers and p50/p65 heterodimers, as indicated by the supershifts seen in the EMSA results. These observations are in agreement with the results of previous studies performed with B cells that analyzed the signal transduction events triggered by cross-linking of the CD40 receptor (7, 59) . It can thus be hypothesized that the detected IgG and IL-6 production is associated with the induction of NF-B that results from the attachment of CD40L-bearing virions onto the surface of CD40-positive B lymphocytes.
Concerning the phenomenon of HIV-1 transmission within an infected individual, it is now postulated that viral particles bound to cells not considered to be natural cellular reservoirs are very efficiently transferred following contact with moresusceptible target cells, such as CD4 ϩ T cells. Interestingly, our group has demonstrated recently that in some cases, HIV-1 transmission is enhanced upon the incorporation of host-derived ICAM-1 (11) . Here, we report another situation where virus transfer from a cell type not considered to be a natural reservoir of HIV-1 (namely, B lymphocytes) is augmented by a molecule of cellular origin incorporated within HIV-1 (i.e., CD40L). Of particular interest, we used B lymphocytes and CD4 ϩ T cells that were isolated from human tonsils, a lymphoid tissue where these lymphocytes normally interact with each other. The physiological significance of the higher transmission of CD40L-bearing virions is confirmed by the idea that CD40 is expressed on B cells at all stages of development (reviewed in reference 68). Thus, the vast majority of B cells have the potential to capture HIV-1 particles that bear hostderived CD40L and transmit such viruses to CD4 ϩ T cells once they are located in lymphoid tissues. In support of this hypothetical working model, Moir and coworkers described a model of transmission of B-cell-associated HIV-1 from chronically infected patients to activated CD4 ϩ T lymphocytes from uninfected donors through an interaction between CD21 on B cells and complement breakdown product C3 attached to the surface of HIV-1 immune complexes (49) .
In conclusion, our data indicate that virus-anchored host CD40L molecules are still functional once located on virions and can account for part of the described B-cell perturbation associated with HIV-1 infection. Our results thus suggest that the host-derived cell surface protein CD40L, once incorporated within emerging HIV-1 particles, might play a previously unrecognized role in some of the demonstrated B-cell deficiencies seen in HIV-1-infected patients, such as aberrant activation. FIG. 7 . B-cell mediated transmission of HIV-1 to autologous CD4 ϩ T lymphocytes is increased with CD40L-bearing virions. B lymphocytes purified from human tonsils were incubated for 1 h at 37°C with NL4-3/null (triangles), NL4-3/CD40L (squares), or NL4-3/CD40L used in combination with sCD40L (10 g/ml) (circles). Thereafter, the virus-cell mixtures were extensively washed and cocultured with PHA/ IL-2-treated autologous CD4 ϩ T cells. The supernatants were harvested to estimate the p24 content by ELISA at 4, 6, and 8 days following the initiation of the coculture. The data shown represent the means Ϯ standard deviations of triplicate samples and are representative of three independent experiments. The asterisks indicate statistically significant differences (i.e., P Ͻ 0.05) between the following matched pair: NL4-3/CD40L versus NL4-3/null.
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